The apicomplexan parasite Plasmodium falciparum causes malignant malaria. The mechanism of parasite egress from infected erythrocytes that disseminate parasites in the host at the end of each asexual cycle is unknown [1] . Two new stages of the egress program are revealed: (1) swelling of the parasitophorous vacuole accompanied by shrinkage of the erythrocyte compartment, and (2) poration of the host cell membrane seconds before erythrocyte rupture because of egress. Egress was inhibited in dehydrated cells from patients with sickle cell disease in accord with experimental dehydration of normal cells [2] , suggesting that vacuole swelling involves intake of water from the erythrocyte compartment. Erythrocyte membrane poration occurs in relaxed cells, thus excluding involvement of osmotic pressure in this process. Poration does not depend on cysteine protease activity, because protease inhibition blocks egress [3] [4] [5] but not poration, and poration is required for the parasite cycle because the membrane sealant P1107 interferes with egress. We suggest the following egress program: parasites initiate water influx into the vacuole from the erythrocyte cytosol to expand the vacuole for parasite separation and vacuole rupture upon its critical swelling. Separated parasites leave the erythrocyte by breaching its membrane, weakened by putative digestion of erythrocyte cytoskeleton [3] [4] [5] and membrane poration.
The apicomplexan parasite Plasmodium falciparum causes malignant malaria. The mechanism of parasite egress from infected erythrocytes that disseminate parasites in the host at the end of each asexual cycle is unknown [1] . Two new stages of the egress program are revealed: (1) swelling of the parasitophorous vacuole accompanied by shrinkage of the erythrocyte compartment, and (2) poration of the host cell membrane seconds before erythrocyte rupture because of egress. Egress was inhibited in dehydrated cells from patients with sickle cell disease in accord with experimental dehydration of normal cells [2] , suggesting that vacuole swelling involves intake of water from the erythrocyte compartment. Erythrocyte membrane poration occurs in relaxed cells, thus excluding involvement of osmotic pressure in this process. Poration does not depend on cysteine protease activity, because protease inhibition blocks egress [3] [4] [5] but not poration, and poration is required for the parasite cycle because the membrane sealant P1107 interferes with egress. We suggest the following egress program: parasites initiate water influx into the vacuole from the erythrocyte cytosol to expand the vacuole for parasite separation and vacuole rupture upon its critical swelling. Separated parasites leave the erythrocyte by breaching its membrane, weakened by putative digestion of erythrocyte cytoskeleton [3] [4] [5] and membrane poration.
Results and Discussion

Swelling of the Parasitophorous Vacuole and Shrinkage of Erythrocyte Compartment Precede Malaria Parasite Egress
Infected erythrocytes undergo a morphological transformation before rupturing convulsively to release parasites. Based on amphiphiles, osmotic stress, and protease inhibitors [2, 4] , we hypothesize that egress is pressure driven through folding and fragmentation of the enzymatically altered erythrocyte membrane. Osmotic pressure could build up in either the parasitophorous vacuole (PV) or the host cell cytoplasm [6] . To egress, parasites have to breach both the parasitophorous vacuolar membrane (PVM) and the erythrocyte membrane, which is fortified by cytoskeleton. The PVM, devoid of cytoskeletal proteins [7] , forms a continuous tubovesicular network (TVN) [8] in the space between the vacuolar and erythrocyte membranes [9] . Cytoplasmic swelling could assist in erythrocyte rupture but at the cost of applying pressure on the vacuole, ultimately interfering with egress, an explosive event [2, 10] . Assuming that the PV swells and ruptures, expelling parasites into the erythrocyte compartment, how do parasites move through the viscous erythrocyte cytosol and break the erythrocyte membrane? Because (1) infected erythrocytes lose optical density shortly before erythrocyte rupture [2] , and (2) cysteine proteases are involved in egress [3] [4] [5] , we propose and test the idea that parasites easily pass through a hemoglobin-depleted erythrocyte cytoplasm and breach a weakened erythrocyte membrane.
The vacuole swells several minutes before parasite egress ( Figure 1A ; see Movie S1A available online). Starting adjacent to the parasite's space (arrowhead in Figure 1A ), vacuole swelling later extends in all directions. At the same time, the visible area of the erythrocyte compartment shrinks, suggesting redistribution of water between the erythrocyte cytosol and vacuole. At some point, the erythrocyte membrane becomes relaxed (Figure 1B, arrowhead; Movie S1B) but still preserves its integrity (note fluorescence signal in cytosol). Membrane relaxation, more or less prominent in each individual erythrocyte, could indicate the cytoskeleton digestion by activated cysteine proteases [3] [4] [5] . Eventually, dissociated parasites leave the host cell by breaching first the PVM (presumably when PV critical volume is reached) and then the erythrocyte membrane (Movie S1). Thus, dependence of egress on osmotic pressure [2] can be described in terms of erythrocyte hydration, which affects the swelling and rupture of the vacuole.
To test the relationship between erythrocyte hydration and parasite egress, we used dehydrated erythrocytes [11] from donors homozygous for sickle hemoglobin gene (HbSS versus normal HbAA) ( Figure S1 ). Sickle erythrocytes do support P. falciparum replication. Live cell microscopy and statistical analysis confirmed that dehydrated erythrocytes have inefficient parasite egress or aborted parasite cycles. Specifically, we chose schizonts (multinucleated parasites) within erythrocytes with the characteristics of irreversible dehydration: flattened appearance and extension in one dimension (9.8 6 0.3 mm, mean 6 standard error of the mean [SEM], n = 28 versus normal erythrocyte diameter 7.9 6 0.1 mm, mean 6 SEM, n = 29, p < 0.001). Parasite egress suffered in dehydrated cells both quantitatively and qualitatively: less than 40% (n = 31) of schizonts released parasites, whereas the majority could not finish the cycle. Parasites were captured inside the host cell (Figure 2A ; Movie S2A), or only one or two parasites were released ( Figure 2B ). The prominent feature of an aborted cycle was a slow vacuole swelling (taking up to 40 min), as well as no membrane rupture in about half of the schizonts (Figure 2C ; Movie S2B). This slow kinetics of preparation to egress gives us a unique opportunity to follow the process, which proceeds faster and less prominently in HbAA-infected erythrocytes. We observed sequential swelling of the remote areas in the erythrocyte cytosol ( Figure 2C , white arrowhead; Movie S2B) that are presumably parasite-derived TVN, because erythrocytes are devoid of any membrane-organized compartments. It seems that the entire system of continuous membrane structures, vacuole and TVN, undergoes volume expansion, whereas the now clearly separated cytosol continues to contract ( Figure 2C , black arrowhead). A decreased erythrocyte cytoplasm volume would increase hemoglobin concentration and the probability of its polymerization [11] , which can contribute to the defective parasite egress from sickle cells. In several recordings of egress, the host cell membrane undergoes blebbing and/or vesiculation, typical for membranes with the defective cytoskeleton [12] . Blebbed membrane preserves its integrity (judged by the GFP signal in blebs; Figure 2D ; Movie S3A). Thus, host cell dehydration diminishes parasite egress from HbAA erythrocytes in hypertonic medium [2] and from the dehydrated HbSS erythrocyte in isotonic medium, likely by preventing the vacuole from reaching the threshold of osmotic pressure required to expel parasites. The decreased erythrocyte volume may contribute to malarial protection in individuals with sickle erythrocytes. Notably, decreased erythrocyte volume is a characteristic for individuals with thalassemia and iron deficiency. Alternatively, one may speculate that P. vivax gained an advantage by targeting reticulocytes, the largest circulating erythrocytes in the host. The negative effect of erythrocyte dehydration on parasite egress, demonstrated here, and on invasion [13] emphasizes the general importance of host cell hydration for the asexual cycle of malaria parasites.
Host Cell Membrane Poration Precedes Membrane Rupture
The second main observation of this paper, that erythrocyte membrane becomes porous seconds before rupture, can support the conclusion that the cytosolic osmotic pressure does not build up sufficiently to drive parasite egress. The same observation can also be used to explain the loss in optical density observed prior to parasite egress [2] as a loss of hemoglobin across new erythrocyte membrane pores. We designed a fluorescence assay for the detection of membrane integrity in living erythrocytes (the standard propidium iodide method does not work in enucleated cells). This method utilizes a fluorescent phalloidin (Alexa Fluor 488 Phalloidin, Invitrogen, molecular weight w1.32 kDa), a binding partner of F-actin (a filamentous cytoskeletal protein, the major component of erythrocyte cytoskeleton) that is membrane impermeant. Upon binding to actin, phalloidin creates a high local concentration of fluorophore underneath the erythrocyte membrane. The signal-to-noise ratio is very high, reflecting a low level of nonspecific binding of phalloidin, making it a good marker of membrane permeability. Using this method, we first showed that labeled phalloidin does not permeate membranes of either normal erythrocytes or immature schizonts ( Figure 3A ) and that sufficient filamentous actin resides in residual membrane [2, 14] (Figure 3B ). This method allowed us to follow erythrocyte membrane integrity at the end of the parasite cycle via simultaneous fluorescence and differential interference contrast microscopy. Permeability to phalloidin was detected in 31 recordings w13.3 6 2.5 s (mean 6 SEM) prior to parasite egress ( Figure 3C ; Movie S4). In the seven other recordings, there was no imaged ring of cortical fluorescence, but rather a diffuse increase in cortical or intracellular fluorescence (data not shown). Thus, although the detection of fluorescent phalloidin may be sensitive to the state of actin polymerization and limited by pore radius, poration most likely always precedes parasite egress. We also tested for cytosolic protein efflux with parasite-derived (clone 3D7 KAHRP (+His)-GFP) 41.6 kDa GFP-tagged soluble protein [15] . A significant drop of fluorescence in the erythrocyte cytoplasm was observed before membrane rupture ( Figures 1A and 1B , images 4 of 5; Movie S1). We confirmed the release of GFP-tagged protein from cells by measuring the GFP-specific fluorescence in the medium via a fluorometric assay ( Figures  S2A-S2C ). Because both influx of phalloidin and efflux of fluorescent protein occurred at approximately the same time, it is likely that a new aqueous permeability pathway develops in the erythrocyte membrane before membrane rupture and parasite egress.
Membrane poration occurs with cysteine protease (and egress) inhibitor E-64 [4] . All E-64-induced parasite clusters had a phalloidin-labeled (porous) erythrocyte membrane (Figure 4A , black arrowhead) and lacked a GFP signal when 3D7 KAHRP (+His)-GFP-infected cells were analyzed ( Figure 4B , black arrowhead; Figure S3A ). Despite the strong inhibition of parasite egress by E-64 [4] , GFP fluorescence in the medium was equal to that of the control culture ( Figure S3B ). Thus, this poration prior to parasite egress is independent of cysteine protease activity.
Host Cell Membrane Poration Is Likely an Essential Step in Parasite Egress
If erythrocyte membrane poration is required for egress, then membrane-sealing agents should inhibit egress. Poloxamine (P1107, BASF, average molecular weight 15 kDa) is a nonionic surfactant that can seal radiopermeabilized cell membranes [16] . Inhibition of parasite egress in the presence of poloxamine was dose dependent (Figure 4C ), suggesting that poration is likely essential for parasite egress. Importantly, schizonts did not lose their optical density and were not permeable for fluorescent phalloidin. We observed even less phalloidin-positive schizonts in treated cultures, with 47% inhibition of parasite egress, than in control cultures.
Occasionally, we observed schizonts weakly labeled with phalloidin. They could represent cells only partially sealed by P1107 (data not shown). Fluorescence of the medium in treated cultures with 53% inhibition of parasite egress was 34% less than in controls. It is doubtful that poloxamine acts intracellularly, because it is charged and unlikely to enter infected erythrocytes until they are permeabilized. We conclude that P1107 acts from outside the erythrocyte by interfering with the initial events of membrane permeation. Despite the obscurity of the molecular mechanism of membrane sealing by P1107 and its lower molecular weight analog Poloxamer 188, as well as unknown side effects of reagents on cells, this type of compound has promising medical applications for treating diseases involving membrane destabilization [17] .
The role for poration in parasite egress is not clear. The efflux of hemoglobin could be necessary to minimize protein viscosity in the host cytoplasm exacerbated by its shrinkage. Conversely, pores would facilitate the influx of ions into the host cells [18] that could be involved in the egress program.
Search for the Parasite-Specific ''Egress Agents'' The genome of the Plasmodium species has five genes coding for perforin-like proteins (PLPs). The role of these proteins in tissue transmigration [19] , liver infection [20] , and malarial transmission to mosquito [21, 22] is documented. TgPLP1 of Toxoplasma gondii, another Apicomplexan parasite, is implicated in egress from the host cells [23] . Expression of PLPs in the erythrocyte stage of P. falciparum is uncertain: a single PfPLP2 (PFL0805w) peptide is detected in merozoites [24] . Because perforins may cause the membrane permeation described here, we tested and detected PfPLP2 messenger RNA in schizonts ( [25] ; Figure S4 ). Loss-of-function studies are needed to test what role, if any, perforin has in the P. falciparum life cycle.
In summary, we report two new essential steps in the program of Plasmodium falciparum egress from erythrocytes. First, the parasitophorous vacuole swells as the erythrocyte shrinks, suggesting ion and water redistribution between these two compartments of infected cells. At the end of the cycle, vacuole swelling apparently provides the space for parasite dissociation prior to egress, leading to vacuole rupture. In the midst of erythrocyte shrinkage, the tension of erythrocyte membrane decreases without loss of integrity. Second, parasite egress requires host cell membrane poration prior to host cell membrane rupture. Membrane poration is observed in erythrocytes that are not swollen, thus it does not result from critical membrane stretching. Perhaps either release of protein from erythrocytes or an influx of ions into the host cells, or both, is needed for the asexual parasite cycle to complete. Alternatively, host cell membrane poration could serve to weaken a barrier that parasites must breach to egress.
Similarities in parasite egress mechanisms between two families of the phylum Apicomplexa, Plasmodium, and Toxoplasma are emerging: both type of parasites make pores in host cell membrane [26] and activate host cell calpain [5] prior to egress. Because P. falciparum has multiple experimental limitations, Toxoplasma, a more conventional organism, emerges as a model for Apicomplexan biology [27] . Regardless, egress of parasites is a vital step of diseases devastating humanity. Our appreciation of a more complex egress program provides more targets for novel antimalarials, just as it may help to explain the selective advantage that the sickle trait confers upon its carriers.
Experimental Procedures
Culture of Plasmodium falciparum P. falciparum strains 3D7 (ATCC) and 3D7 KAHRP(+His)-GFP (MRA-576, contributed by A.F. Cowman, MR4, ATCC) were cultured according to the Trager-Jensen method [28] in human erythrocytes in RPMI 1640 medium (Invitrogen) supplemented with 25 mM HEPES (Invitrogen), 4.5 mg ml 21 glucose (Sigma), 0.1 mM hypoxanthine (Invitrogen), 25 mg ml 21 gentamicin (Invitrogen), and 0.5% AlbuMax (Invitrogen). Erythrocytes infected with late-stage malaria parasites were isolated from cultures, and a new synchronized infection was initiated in HbAA or HbSS erythrocytes, as described in [14] . Blood from four patients with the HbSS mutation was collected after National Institutes of Health Institutional Review Board approval, and informed consent was obtained in accordance with the Declaration of Helsinki.
Live Cell Microscopy
A laser scanning confocal microscope (LSM 510, Zeiss) was used with 1003 or 633 1.4 NA oil objectives and laser excitation at 488 nm. A low intensity of cell illumination was used to avoid photodamage of late-infected cells. Fluorescent phalloidin (Alexa Fluor 488 phalloidin, Invitrogen) was used at a final concentration of 66-132 nM. Both fluorescent phalloidin and GFP were excited at 488 nm.
Parasite Egress Assay
To assess the effect of drugs on parasite egress, we employed a quantitative egress method described in detail in [14] . The reagent was added to the culture medium, and infected cells were treated for different time intervals. Treatment was carried out at 37 C in chambers for microscopy, and then parasite egress was quantified via light microscopy. Parasite egress in drug-treated cultures was compared with egress in control cultures. We used the cysteine protease inhibitor E-64 (Sigma) at 10 mM concentration, as described in [4] .
Detection of Fluorescence in Medium
A fluorescence signal from the GFP-fusion protein released into the medium from infected cells (as the result of parasite egress) was assessed with a FluoroMax-4 spectrofluorimeter (Horiba Jobin Yvon). Signal-to-noise ratio was measured at the following detection setting: excitation at 480 nm with 5 nm bandpass, emission at 495-550 nm with 5 nm bandpass, interval 1 nm, integration time 1 s. Signal at 509 nm (maximum of GFP fluorescence) was used to compare fluorescence at the different experimental conditions after intensity of buffer fluorescence was subtracted from the sample fluorescence.
Detection of mRNA Expression
Total RNA was prepared from P. falciparum-infected erythrocytes, uninfected erythrocytes, and peripheral blood mononuclear cells (PBMCs) with the PureLink Micro-to-Midi Total RNA Purification System (Invitrogen, 12183-018). The RNA yield was measured with the Quant-iT RNA Assay kit (Invitrogen, Q10213). The yields from a 50 ml packed volume of cells were: infected erythrocytes, 34 mg; uninfected erythrocytes, <1 mg; PBMCs, 10 mg. Primers for gene-specific cDNA synthesis (GSPs) and PCR amplification of the PfPL2 (PFL0805w) sequence were designed with Emboss eprimer3 to search GenBank accession number XM_001350534.1. The primer sequences are: GSP: P3177R, GGGATCGACATAAGGCAATG; PP1: P1281F, TTTCAGGGGACCTGTATTGC and P1689R, ATTCGGCAGATGCA GAAAAG; PP2: P1491F, TCATGCTGATGGTGATAAACG and P1648R, GGGAGTACTAACCTTTACGTCTGA; PP3: P1692F, TTCTGCATCTGCCGA  ATTTA and P2112R, AAGCGCTTGATAATCCCATC; PP4: P1786F, ACAGG  TATACCAATAACAACAACAAG and P1935R, ACATCCACTTGTTTACAT  TTTCTTCA. For reverse transcriptase-polymerase chain reaction (RT-PCR) analysis [29] of PfPLP2 expression, 1 mg of RNA was treated with 1 U amplification grade DNase I (Invitrogen 18068-015) to remove genomic DNA following the manufacturer's protocol. The ThermoScript RT-PCR System (Invitrogen 11146-024) was used for cDNA synthesis in a 20 ml reaction with 10 pmol GSP. Reactions were incubated at 45 C for 2 hr, heat inactivated at 85 C, and treated with RNase H. For detection of the PfPLP2 sequence in cDNA by PCR, 1 ml RT-PCR reaction was added to a 25 ml volume containing 20 mM Tris-HCl (pH 8.4), 50 mM KCl, 3.0 mM MgSO 4 , 0.2 mM dNTPs, 5 pmol forward and reverse primers, and 1 U Taq polymerase (Invitrogen 10342-053). The reactions were denatured for 3 min at 94 C and amplified for 30 cycles of 30 s at 94 C, 30 s at 56 C, and 60 s at 72 C, followed by a 10 min extension at 72 C. PCR products were analyzed by electrophoresis in a 1.5% agarose gel in 13 TAE and visualized by staining with ethidium bromide.
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